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Description 
Flexure Plate Capacitive Compass 

Background of Invention 

[0001] The present invention relates generally to compass sys- 
tems, and more particularly, to a flexure plate capacitive 
compass. 

[0002] | t j S we || known that aerospace systems, such as missile 
systems, require internal control systems for the purpose 
of maintaining a particular level or attitude with respect to 
a fixed frame, such as the earth. 

[0003] Currently, mechanical gyro-compass systems are used in 
aerospace systems to determine earth-spin direction and 
rotating beam pointing directions. In other words, gyro- 
compasses find North by using an (electrically powered) 
fast spinning wheel and friction forces in order to exploit 
the rotation of the earth. Resultantly, gyro-compasses 
typically require large amounts of energy to maintain 
spinning motion. 

[0004] Minimizing energy requirements is a constant goal for 

aerospace systems, therefore either eliminating or power- 



ing down mechanical gyro-compasses after direction is 
established would thereby dramatically decrease power 
consumption. 

[0005] As was mentioned, compass systems are used in 

aerospace or in a portion of aircraft or spacecraft naviga- 
tion or guidance systems. During operation of those sys- 
tem types, the operating environment temperature 
changes over a wide range. Consequently, object orienta- 
tions must be measured and controlled with a high accu- 
racy over a wide range of temperatures and temperature 
gradients. This is often a difficult and inefficient process. 

[0006] The disadvantages associated with current compass sys- 
tems have made it apparent that a new compass system is 
needed. The new compass system should minimize gyro- 
compass usage, substantially minimize temperature sens- 
ing requirements, and should also improve compass ac- 
curacy. The present invention is directed to these ends. 
Summary of Invention 

[0007] | n accordance with one aspect of the present invention, a 
compass system includes a platform defining an xy-plane, 
wherein a z-axis is orthogonal to the xy-plane. A beam is 
rotatably coupled to the platform such that the beam ro- 
tates about the y-axis. An accelerometer including a flex- 



ure plate perpendicular to the rotating beam is coupled to 
the beam a distance from the y-axis. The accelerometer 
generates an accelerometer signal in response to move- 
ment of the flexure plate. An angular position sensor 
senses angular position of the beam relative to the x-axis 
in the xy-plane, the angular position sensor generating an 
angular position signal therefrom. A processor receives 
the accelerometer signal and the angular position signal 
and generates an East-West signal therefrom. 
[0008] | n accordance with another aspect of the present inven- 
tion, a method for operating a compass system on the 
earth includes leveling a platform with respect to local 
earth gravity; rotating a flexure plate bridge accelerometer 
in a plane perpendicular to the platform such that the 
flexure plate bridge accelerometer reads a sum of a radial 
acceleration due to the beam rotation, the rotation of the 
earth, and gravity; generating a sinusoidal signal of a ro- 
tating acceleration of the flexure plate bridge accelerome- 
ter due to the sum of the velocity of the accelerometer 
and the rotation of the earth and gravity; reading a posi- 
tive peak and a negative peak within the sinusoidal signal; 
and generating an earth rate direction signal in response 
to the positive peak and the negative peak. As the beam is 



rotated about the y-axis, the amplitude of the sine wave 
will vary as to the cosine of the angle formed by the beam 
and the earth spin vector. 

[0009] one advantage of the present invention is that it gener- 
ates a dynamic range and granularity sufficient for Inter- 
Continental Ballistic Missile (ICBM) usage. Additional ad- 
vantages include that the compass system consumes less 
power than prior compass systems, while dramatically im- 
proving reliability and reduction in manufacturing costs. 

[0010] Additional advantages and features of the present inven- 
tion will become apparent from the description that fol- 
lows, and may be realized by means of the instrumentali- 
ties and combinations particularly pointed out in the ap- 
pended claims, taken in conjunction with the accompany- 
ing drawings. 
Brief Description of Drawings 

[0011] | n order that the invention may be well understood, there 
will now be described some embodiments thereof, given 
by way of example, reference being made to the accom- 
panying drawings, in which: 

[0012] FIGURE 1 illustrates an aeronautical system in accordance 
with one embodiment of the present invention; 

[0013] FIGURE 2A illustrates an xz-plane view of a compass sys- 



tern in accordance with FIGURE 1; 

[0014] FIGURE 2B illustrates an yz-plane view of the compass 
system of FIGURE 2A; 

[0015] FIGURE 3 illustrates a flexure plate dual capacitance ac- 
celerometer system in accordance with FIGURE 1; and 

[0016] FIGURE 4 illustrates a logic flow diagram of the aeronauti- 
cal system of FIGURE 1 in operation, in accordance with 

another embodiment of the present invention. 
Detailed Description 

[0017] The present invention is illustrated with respect to a flex- 
ure plate capacitive compass, particularly suited to the 
aerospace field. The present invention is, however, appli- 
cable to various other uses that may require compasses, 
such as any system requiring position compass measure- 
ments under extreme conditions, as will be understood by 
one skilled in the art. 

[0018] Referring to FIGURE 1, the missile or aerospace system 10, 
including a flexure plate capacitive compass system 11 
(FPCC) within an inertial measurement unit 13, in accor- 
dance with one embodiment of the present invention, is 
illustrated. The aerospace system 10 is merely an illustra- 
tive example of an object requiring compass orientation 
and not meant to be limiting. For example, the present 



flexure plate capacitive compass system 11 could be im- 
plemented in any object to sense acceleration forces, in- 
cluding any type of vehicle or missile system, such as a 
Minuteman III missile system or a Scud missile system. 
[0019] The illustrated aerospace system 10 further includes a 
computer/processor 14, a missile steering unit 16, a ro- 
tating beam angular position sensor 21, and a platform 
22. 

[0020] The computer 14 is coupled to the missile steering 

(nozzle or vane actuators) unit 16, the rotating beam an- 
gular position sensor 21, the compass system 11, and the 
platform 22. 

[0021] The compass system 11 includes an accelerometer 12 and 
a rotating beam 20. The accelerometer 12 is coupled to 
the rotating beam 20 a distance R from the pivot point 27 
of the beam 20, which is coupled to the information bus 
18, which transfers information to a computer/processor 
14. 

[0022] important to note is that the illustrated accelerometer 12 
is only one example of a possible arrangement of an ac- 
celerometer for the compass system 11, and various types 
of accelerometer can be utilized. The accelerometer 12 is 
a single axis accelerometer that generates a robust wide 



dynamic range of performance. The accelerometer 12 will 
be discussed in further detail in reference to Figure 3. 

[0023] The angular position sensor 21 is embodied as a synchro, 
a resolver, or a shaft angle reader or any other sensor de- 
vice measuring angular position of the rotating beam 20. 

[0024] The rotating beam 20 is embodied as a single flat rotating 
beam, which may be mounted on a motorized pivot or a 
freely moving pivot or the platform 22 or any other com- 
pass mount known in the art. 

[0025] The platform 22, whereon the compass 11 and the angu- 
lar position sensor 21 are mounted, may include gimbals 
and gimbal torque motors (yaw, pitch and roll motors) or 
any other accelerometer platform known in the art. 

[0026] Referring to FIGURES 2A and 2B, a simplified implementa- 
tion pictorial diagram of the FPCC 11 is illustrated. The 
present invention includes the compass system 11 
mounted on the platform 22, and the signal derivations 
and the general control mechanism for detecting planar 
orientation with respect to the earth. The compass system 
11 is illustrated in an xz-plane view in Figure 2A, and an 
yz-plane view in Figure 2B. 

[0027] The accelerometer 12 of Figure 1, configured per Figure 3 
is implemented in the FPCC 11. The FPCC 11 includes a 



single dual bridge accelerometer 12 (DBA) mounted per- 
pendicular to the axis of a rotating beam 20. The ac- 
celerometer 12 includes a flexure plate 30, having a sen- 
sitive axis perpendicular to the y-axis. 
[0028] The rotating beam 20 is mounted on an IMU platform 22, 
which has been leveled to local earth gravity. The beam 20 
is mounted so that it rotates about y-axis, which is in the 
horizontal xy-plane. The distance from the beam pivot 
point 27 to the center of the accelerometer flexure plate 
30 at rest is R. 

[0029] The rotation of the beam 20 is in a plane perpendicular to 
the level platform (xy-plane). The beam is rotating at a 
constant angular frequency with respect to the IMU y-axis 
of Figure 1. 

[0030] initially, the rotating beam 20 rotates in either direction at 
a constant angular frequency. The accelerometer flexure 
plate 30 reads the sum of the tangential forces at a dis- 
tance R from the center of rotation. The forces acting on 
the plate 30 are the result of the sum of the velocity gen- 
erated by the constant motion of the beam 20 added to 
the velocity of the earth's rotation and gravity. The radial 

2 

acceleration of earth rotation is a = V /r cos 6where V 

r t t 

is the earth rate and cos 6 is the angle between the earth 



rate vector and the sensitive axis of the accelerometer. 

2 

The radial acceleration of the rotating beam is a.^ = V /r 
where V is the tangential velocity at the accelerometer a 
distance r from the rotation center. As the beam 20 ro- 
tates, the plate moves through 360 degrees with respect 
to these parameters. When the earth rate is in the same 
direction as the rotating accelerometer, the forces add, 
and 180 degrees from that, they subtract. As the beam 20 
rotates about the y-axisand the platform rotates about 
the z-axis, the cos 6 varies thereby causing the amplitude 
to vary from maximum and minimum occurring as the 
spin radius of earth and beam 20 align. The samples 
taken by the dial rotation of the beam 20 about the y-axis 
and the xy-plane rotating about the z-axis are utilized to 
determine the 6= 0 point and therefore the local earth ro- 
tation vector.A plot of this acceleration includes a sinusoid 
riding the constant acceleration generated by the rotating 
beam 20. By reading the angles of the occurrence of the 
positive peaks and the negative peaks, the direction of 
earth rate can be determined. This angular position with 
respect to the platform 22 is recorded by the processor 14 
so that the spin direction, East-West, is precisely deter- 
mined. 



[0031] | n practice, an angular sensor 21, such as a synchro, re- 
solver or shaft angle encoder reads the position of the ro- 
tating beam 20 with respect to the platform 22. This en- 
ables the establishment of earth's rotation vector thereby 
establishing the required compass knowledge and will be 
used as the basis for guidance equations. 

[0032] Referring to FIGURE 3, an example of a possible configu- 
ration for the accelerometer 12 is included as an illustra- 
tive example of the accelerometer 12. 

[0033] The accelerometer 12 is part of the inertial measurement 
unit 13 and includes a housing 52, a flexured plate sec- 
tion 54, a rigid plate section 56, a ground 58, an AC 
source 60, a differential amplifier 62, a demodulator 64, 
an analog filter 66, an analog-to-digital converter 68, and 
a digital linearizer and filter 70. 

[0034] The housing 52 or metal housing structure encloses four 
capacitors, which will be discussed later. A gas or vacuum 
environment is also enclosed therein such that there is no 
interference with the movement of the flexure plate 30 
other than the rotation of the beam 20 along a perpendic- 
ular axis. 

[0035] The flexured plate section 54 includes a single flexure 
plate 30 and two parallel fixed plates 73, 74. The rigid 



plate section 56 includes a rigid plate 83 and two fixed 
plates 84, 86. The two sections are electrically isolated 
and enclosed in a metal housing structure 52. 

[0036] | n the present embodiment, the flexure plate 30 is cou- 
pled to the housing 52 through at least one edge 76. Nu- 
merous other attachment points are, however, included, 
as will be understood by one skilled in the art. The flexure 
plate 30 includes a first side 78, a second side 80 and a 
common edge 76. 

[0037] The flexure plate 30 is positioned between the first and 

second fixed plates 73, 74 such that the first fixed plate 

73 is a first distance (d ) from the first side 78 and the 

i 

second fixed plate 74 is a second distance (d^ from the 
second side 80 of the flexure plate 30. The flexure plate 
30 is affixed to the metal housing structure 52 through at 
least a portion of the common edge 76 of the flexure 
plate 30, which is also coupled to a ground 58. 
[0038] The flexure plate is rigidly fixed to the metal housing 

structure 52 through almost any manner known in the art. 
Resultantly, all the system flexure is generated within the 
flexure plate 30. This generally increases reliability and 
robustness of the system 10. This, however, generates a 
non-linear output from the flexure plate 30, which will be 



discussed regarding the linearizer 70. 

[0039] The combination of the first fixed plate 73 and the flexure 
plate 30 forms a first parallel plate capacitor, and the 
combination of the second fixed plate 74 and the flexure 
plate 30 forms the second parallel plate capacitor. 

[0040] The capacitance of the parallel plate capacitors is deter- 
mined by the following: 



[0041] W here 




[0042] j s t he permittivity constant, A is the area of a fixed plate, 
and d is the effective distance between the flexure plate 
30 and one of the fixed plates 73, 74. 

[0043] The first fixed plate 73 is coupled to the metal housing 
structure 52 and positioned a first distance (d^ from the 
flexure plate 30. The first fixed plate 73 and the flexure 
plate 30 form a first capacitor (CI) whose operation is 
also governed by the equation 



C = (SqA)/cL 



[0044] The first fixed plate 73 responds to movement of the 
flexure plate 30 when d i either increases or decreases, 
thereby generating a first phase shift capacitance signal. 

[0045] The second fixed plate 74 is also coupled to the metal 

housing structure 52 and positioned a second distance (d 
) from the flexure plate 30. The second fixed plate 74 
and the flexure plate 30 form a second capacitor (C2) 
whose operation is governed by the equation 



C = (SqA)/cL 



[0046] The second fixed plate 74 responds to movement of the 
flexure plate 30 when either increases or decreases, 
thereby generating a second phase shift capacitance sig- 
nal. 

[0047] The distances (d i and d ) between the flexure plate 30 

and the fixed plates 73, 74 are a function of acceleration 
and are proportional or equal when the system 10 is at 
rest. 



[0048] During acceleration, the flexure plate 30 flexes according 
to the reaction force of Newton"s second law of motion, 
force=mass x acceleration (F = ma), causing the distance 
between the flexure plate 30 and the fixed plates 73, 74 
to vary, thus creating the two variable capacitors, one on 
each side of the flexure plate 30. 

[0049] a rigid plate section 56 is insulated by an insulator 87 

from the flexure plate section 54. Third and fourth capac- 
itors (C3 and C4) are formed on either side of the rigid 
plate 83 in a similar arrangement as the first and second 
capacitors. 

[0050] The first and second capacitors are formed on each side 
of the flexure plate 30 and the third and fourth capacitors 
are formed on either side of the rigid plate 83. The four 
capacitors are electrically connected to form a bridge. The 
fixed capacitors (third and fourth) and rigid plate 83 are 
isolated from the flexure plate 30 and flexured plate ca- 
pacitors (first and second). All capacitors are designed to 
be as nearly equal as possible when at rest. 

[0051] The distance between the flexure plate 30 and the rigid 
plate 83 is a function of acceleration. The center of each 
bridge side is monitored to detect the differential ampli- 
tude. As the flexure plate 30 flexes in response to accel- 



eration, one capacitor increases and the other decreases, 
thereby increasing the bridge voltage on one side and de- 
creasing bridge voltage on the other. 
[0052] The bridge is excited with an AC source 60 at one end and 
grounded at the other. The ground 58 is coupled to the 
flexure plate 30 and the AC source 60 is coupled to the 
rigid plate 83. The two capacitive legs (C3, CI) and (C4, 
C2) of the bridge produce two voltage dividers, each of 
which provides a terminal (ED, FB), to measure the result- 
ing voltage. 

[0053] The bridge configuration reduces the temperature sensi- 
tivity and the AC excitation allowing narrow band analog 
filtering, both of which enhance the signal-to-noise ratio. 
The bridge circuitry utilizes CaAs or high speed CMOS, as 
the accuracy required for performance will require low 
propagation delays. 

[0054] The voltage phase gives direct indication of the direction 
of acceleration. This output is gain adjusted if required in 
the differential amplifier 62, and received in the demodu- 
lator 64, which rectifies the waveform as a function of the 
reference excitation phase from the AC source 60. The re- 
sulting waveform (here a precision sine waveform) is then 
filtered in the analog domain in the analog filter 66 and 



received in an analog-to-digital converter 68 where the 
data becomes a digital word. 

[0055] The digital word is then filtered and linearized in the digi- 
tal linearizer and filter 70 for manufacturing and flexure 
non-uniformities. The filter is embodied, for example, as 
a multi-pole filter reducing noise to the required time do- 
main level. The filter output is a digital word having a 
magnitude proportional to the acceleration of the system 
in either direction along the perpendicular axis. The out- 
put of the linearizer 70 is an acceleration signal multiplied 
by a constant (k). 

[0056] statistical filtering of the linearized data somewhere sig- 
nificantly above the maximum flexure frequency also oc- 
curs in either the digital linearizer and filter 70 or the 
computer 14 to reduce the overall noise impact on the 
system 10. The compensation for the non-linearity of the 
flexure structure and overall transport error is compen- 
sated for by the linearizer and filter 70 whose values are 
established in manufacturing through sampling perfor- 
mance curves. 

[0057] The processor 14 is embodied as a typical missile or air- 
plane processor, as is familiar in the art. The processor 14 
receives the output signals (F from accelerometer 12) and 



applies the compensation and calibration corrections de- 
rived from manufacturing and the earth rate calibration 
scheme, as will be discussed regarding Figure 4. The pro- 
cessor 14 monitors the system 10 so that all conditions 
are met, and the processor 14 also issues an East-West 
acquisition signal, for launch time or utilization time, and 
this position is locked as the reference plane. 
[0058] Coupled to the processor 14 are the missile steering noz- 
zle (or vane actuators) unit 16, the compass system 11, 
and the platform 22, which includes a rotation reading 
device 21, such as a synchro, a resolver, or a shaft angle 
reader. 

[0059] The rotation reading device 21 reads a position of the ro- 
tating beam 20 and generates an angular reference output 
signal therefrom, which the processor 14 uses to establish 
true north or any specific compass heading based on the 
established East-West alignment. 

[0060] The actuator, here embodied as missile steering nozzle or 
vane actuators 16 receives processor signals and activates 
system components (e.g. object control devices) in re- 
sponse thereto. System components include for example, 
thrusters or attitude control devices. 

[0061] Referring to FIGURE 4, a logic flow diagram 100 illustrat- 



ing a method for operating a flexure plate capacitive com- 
pass system 11 or an earth rate calibration scheme, in ac- 
cordance with one embodiment of the present invention, 
is illustrated. Logic starts in operation block 102 where 
processor 14 receives the dual bridge accelerometer sig- 
nal (accelerometer signal) from Figure 3 and establishes 
and maintains a constant angular velocity for the rotation 
of the compass system 11. 
[0062] | n operation block 104, the processor 14 receives signals 
from the angular position measuring device 21 and 
records the current angular position (9 n ) of the beam 20 
and computes the current radial acceleration of the beam 
20 (a ). The radial acceleration of the beam 20 is com- 

N 
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puted through, for example, V /r for each acceleration 
component. 

[0063] | n inquiry block 106, a check is made whether the current 
radial acceleration is greater than the previous radial ac- 
celeration (a n i ). For a positive response, in operation 
block 108, the current angular position is saved. 

[0064] otherwise, in inquiry block 110, a check is made whether 
the current radial acceleration is less than the previous ra- 
dial acceleration (a ). For a positive response, in opera- 

n-l 

tion block 112, the current angular position is saved. Oth- 



erwise, inquiry block 106 reactivates. 
[0065] | n response to the saved current angular position from 
blocks 108 or 112, operation block 114 activates, and 
previous and current angular position measurements are 
compared. 

[0066] | n inquiry block 116, a check is made whether the system 
10 is stable, i.e. whether variations in angular position 
from operation block 114 are beneath a preset threshold. 
For a negative response, operation block 114 reactivates. 

[0067] otherwise, in operation block 118, the East-West line ac- 
quisition signal is generated indicating that the compass 
is now reading the East-West line. 

[0068] in operation block 120, a signal is generated indicating 
that the angle readout is valid and may be used directly 
for compass measurements. 

[0069] in operation, a method for operating a compass system on 
the earth includes leveling a platform with respect to local 
earth gravity; rotating a flexure plate bridge accelerometer 
perpendicular to the platform and rotating the platform 
such that the flexure plate bridge accelerometer reads a 
sum of a velocity of the accelerometer and a rotation of 
the earth; generating a sinusoidal signal of a rotating ac- 
celeration of the flexure plate bridge accelerometer due to 



the sum of the velocity of the accelerometer and the rota- 
tion of the earth; reading a positive peak and a negative 
peak within the sinusoidal signal; and generating an earth 
rate direction signal in response to the positive peak and 
the negative peak. 
[0070] This process is performed when the missile is at rest, 
prior to launch. A calibration procedure will allow com- 
pensation for the offset introduced by the rotation of the 
earth. 

[0071] This process is typically engaged when the missile is at 
rest, prior to launch, or in flight. 

[0072] prom the foregoing, it can be seen that there has been 

brought to the art a new and improved compass system. It 
is to be understood that the preceding description of the 
preferred embodiment is merely illustrative of some of the 
many specific embodiments that represent applications of 
the principles of the present invention. For example, a ve- 
hicle, such as an airplane, spacecraft, or automobile could 
include the present invention for directional control or 
orientation analysis. Numerous and other arrangements 
would be evident to those skilled in the art without de- 
parting from the scope of the invention as defined by the 
following claims. 



